lar type II (ATII) cell apoptosis and depressed fibrinolysis that promotes alveolar fibrin deposition are associated with acute lung injury (ALI) and the development of pulmonary fibrosis (PF). We therefore sought to determine whether p53-mediated inhibition of urokinase-type plasminogen activator (uPA) and induction of plasminogen activator inhibitor-1 (PAI-1) contribute to ATII cell apoptosis that precedes the development of PF. We also sought to determine whether caveolin-1 scaffolding domain peptide (CSP) reverses these changes to protect against ALI and PF. Tissues as well as isolated ATII cells from the lungs of wild-type (WT) mice with BLM injury show increased apoptosis, p53, and PAI-1, and reciprocal suppression of uPA and uPA receptor (uPAR) protein expression. Treatment of WT mice with CSP reverses these effects and protects ATII cells against bleomycin (BLM)-induced apoptosis whereas CSP fails to attenuate ATII cell apoptosis or decrease p53 or PAI-1 in uPAdeficient mice. These mice demonstrate more severe PF. Thus p53 is increased and inhibits expression of uPA and uPAR while increasing PAI-1, changes that promote ATII cell apoptosis in mice with BLMinduced ALI. We show that CSP, an intervention targeting this pathway, protects the lung epithelium from apoptosis and prevents PF in BLM-induced lung injury via uPA-mediated inhibition of p53 and PAI-1.
THE LUNGS, and airway and alveolar epithelial cells in particular, are constantly exposed to a variety of insults. Extensive apoptosis of alveolar type II (ATII) cells, augmented p53 expression due to DNA damage, and chronic lung inflammation have collectively been implicated in the development of diffuse alveolar damage (DAD) and idiopathic pulmonary fibrosis (IPF) (61) and have each been found to promote accelerated PF in various animal models (36, 39, 44) . Increased expression of p53 by apoptotic ATII cells surrounding the fibrotic lesions in IPF patients implicates p53 in the development of IPF. There is no effective pharmacological treatment to prevent or reverse IPF or other forms of pulmonary fibrosis (PF), so delineation of the key underlying events assumes paramount importance.
Fibrinolytic defect associated with acute lung injury (ALI) as well as lung remodeling in acute respiratory distress syndrome (7, (21) (22) (23) (24) or interstitial lung diseases (2, 4, 7, 14, 21-23, 25, 43, 53, 58, 63) has been linked to loss of urokinasetype plasminogen activator (uPA) activity and inhibition of uPA by the disproportion increase in the expression of its inhibitor, plasminogen activator inhibitor-1 (PAI-1). uPA is mitogenic (26, 28, 30, 34, 35, 38, 46 -51, 54) and enhances plasminogen activation in multiple cell types, including lung epithelial cells through self-induction as well as that of the uPA receptor, uPAR. These responses occur solely through posttranscriptional stabilization of the respective mRNAs (46, 48, 49) and involve extensive cross talk between the fibrinolytic system and p53, in which the p53 specifically binds to 35-, 37-, and 70-nucleotide 3=-untranslated region sequences of uPA, uPAR, and PAI-1 mRNAs, respectively. We also found that p53 destabilizes uPA (46) and uPAR (54) mRNAs and inhibits their expression, whereas it stabilizes PAI-1 mRNA and induces PAI-1 expression (55) .
uPA-mediated maintenance of lung epithelial cell viability in vitro is due to inhibition of apoptosis (1, 51, 54) and/or induction of proliferation that depends on suppression of p53 in a dose-dependent manner (51) (52) (53) (54) (55) (56) . The viability of lung epithelial and carcinoma cells is regulated by coordinate expression of regulation of uPA, uPAR, and PAI-1 (46, 54 -56) . In a related vein, a recent report demonstrated that transplantation of exogenous ATII cells to the injured lung ameliorates bleomycin (BLM)-induced PF (45) . This report strongly suggests that viable epithelial cells within the injured lung are salutary. Although this approach is not clinically feasible at this time, the findings support the alternate strategy of inhibiting ATII cell apoptosis to mitigate PF. The process requires uPA binding to uPAR at the cell surface and involves activation of ␤ 1 -integrin. Furthermore, both caveolin-1 expression and src kinase activities are induced during injury (31, 32, 65) and caveolin-1 recruits active src kinase to ␤ 1 -integrin-uPAR signaling complexes (31, 32, 66) . Caveolin-1 scaffolding domain peptide (CSP) inhibits caveolin-1 interaction with active src kinase (15) . We therefore inferred that targeting caveolin-1 and active src kinase using CSP could inhibit p53 and reverse p53-mediated changes in the fibrinolytic system to enhance ATII cell viability and prevent PF. To test this possibility, we used ATII cells and a murine model of ALI and PF induced by BLM (2, 4, 14, 20) .
Here, we describe a new paradigm by which coordinate p53-mediated changes in uPA, uPAR, and PAI-1 expression contribute to ATII cell apoptosis and subsequent development of PF. We also found that mice deficient in expression of p53 and PAI-1 resist BLM-induced ATII cell apoptosis whereas mice lacking uPA expression are sensitive to ATII cell apop-tosis. Most importantly, we now show that targeting of this pathway with CSP in wild-type (WT) mice protects the lung epithelium against BLM-induced ALI in an uPA-dependent manner and reverses BLM-induced PF in mice.
MATERIALS AND METHODS
Mice. WT and p53-, uPA-, uPAR-, and PAI-1-deficient mice of C57BL-6 background were bred at The University of Texas Health Science Center at Tyler or purchased from Charles River (Boston, MA) and Jackson Laboratory (Bar Harbor, ME) were used. Anti-uPA, uPAR, PAI-1, p53, ␤-actin, and other antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA), Ki-67 antibody was purchased from Abcam (San Francisco, CA).
DAD tissues. Paraffin-embedded deidentified lung sections (5 M) from patients without known lung disease and from patients with DAD were obtained from the tissue archives of the Department of Pathology, The University of Texas Health Science Center, Tyler. Lung tissues were subjected to terminal deoxynucleotidyl transferase dUTP-mediated nick-end labeling (TUNEL) staining (Promega, Madison, WI) to assess changes in apoptosis. For immunohistochemical (IHC) analyses, UltraVision LPValue Detection System (Fremont, CA) was used as described earlier (5, 6, 55) .
Determination of BLM-induced changes in primary ATII cell uPA, uPAR, p53, and PAI-1 expression and apoptosis in vitro. All animal experiments were performed according to protocols approved by the Animal Care and Use Committee of The University of Texas Health Science Center, Tyler. ATII cells were isolated from 6-wk-old mice by following the procedure described by Corti and colleagues (10) with 90 -95% purity. These cells were treated with or without anti-␤ 1-integrin antibody (1 g/ml), isotypic mouse IgG, uPA, or the aminoterminal fragment of uPA (20 nM), alone or in combination, CSP (NH2-DGIWKASFTTFTVTKYWFYR-COOH) (10 nM), or a corresponding control peptide (CP) of scrambled sequence, for 2 h. These cells were later exposed to BLM (40 g/ml) for 28 h to induce injury. The conditioned media, cell lysates, and membrane proteins were analyzed for uPA, uPAR, PAI-1, p53, and ␤-actin by Western blotting. Alternatively, cells treated as above were detached by using trypsin-EDTA and analyzed for apoptosis by flow cytometry after staining with anti-annexin-V antibody-propidium iodide (PI) solution as described elsewhere (51) .
Model of BLM-induced lung injury in mice and therapeutic intervention. Six-week-old mice were given 40 g (from 15 units/15 mg stock) of BLM in 50 l sterile saline by intranasal insufflations under anesthesia to induce lung injury (59) . These mice were later exposed to CSP (18.75 mg/kg) or CP through the nose on days 2, 4, and 6 post-BLM injuries. Mice were euthanized on days 7 and 21 after BLM treatment, after which lung sections from half of the animals (n ϭ 3) were subjected to TUNEL staining to evaluate apoptosis (55) . Lung sections of mice euthanized on day 21 were also stained with Masson's trichrome to detect collagen deposition. The whole lung homogenates from the remaining mice were analyzed for the hydroxyproline content as described earlier (29) . To determine whether systemic administration of CSP effectively treats established BLMinduced injury on 2, 7, or 14 days after BLM injury, mice were intraperitoneally (IP) implanted with a 0.1 ml microosmotic pump (Alzet, Cupertino, CA) containing 125 mg/kg of CSP or CP delivered over 14 days. As an alternate less invasive approach, mice were given IP injections at 2, 7, and 14 days post-BLM injury with CSP (125 mg/kg) or CP. These mice were euthanized 21 days post-BLM exposure and analyzed as described above.
Determination of BLM-induced changes in ATII cell uPA, uPAR, p53, and PAI-1 expression and apoptosis in mice. ATII cells were isolated from the lungs of mice exposed to BLM for 1, 3, and 5 days and were analyzed for PAI-1, p53, cleaved poly(ADP-ribose) polymerase (Cl.PARP), and ␤-actin by Western blotting. In a separate Fig. 1 . p53, urokinase-type plasminogen activator (uPA), and plasminogen activator inhibitor-1 (PAI-1) expression in the human diffuse alveolar damage (DAD) tissues. Sections from DAD and normal lungs were subjected to immunohistochemistry (IHC) analyses using anti-p53, anti-uPA, or anti-PAI-1 monoclonal antibodies (1:50 dilution) or terminal deoxynucleotidyl transferase dUTPmediated nick-end labeling (TUNEL) staining to assess the changes in lung epithelial (LE) cell uPA, p53, and PAI-1 expression as well as LE cell apoptosis. Representative fields from 1 of 3 sections per subject are shown at ϫ200 magnification. Arrows indicate foci of strong staining in each of the representative fields. experiment, mice exposed to saline or BLM were IP injected with or without CSP or CP 24 h following BLM injury. ATII cells isolated from the lungs on day 3 post-BLM injuries were tested for changes in uPA, uPAR, p53, PAI-1, ␤-actin, and Cl.PARP by Western blotting. Similarly flow cytometry analysis was also done after treating with anti-annexin-V antibody and PI, as described above. Total RNA isolated from ATII cells were analyzed for changes in uPA, uPAR, PAI-1, and ␤-actin mRNAs by RT-PCR. To determine whether p53-induced changes in PAI-1 and uPA contributes to ATII cell apoptosis, WT and uPA-, p53-, and PAI-1-deficient mice were exposed to BLM with or without CSP or CP as described above. ATII cells were analyzed for activation of cleaved caspase-3 (Cl.casp-3), p53, and PAI-1 expression by Western blotting. The lung sections of WT and uPA-, PAI-1-, and p53-deficient mice were also subjected to TUNEL staining and IHC analysis using anti-Cl.casp-3 or anti-Ki-67 antibodies as described earlier (5, 6, 55) .
Measurement of lung compliance. Lung compliance was measured as described earlier (68) . Briefly, mice were anesthetized, intubated via the trachea, and mechanically ventilated by a computer-controlled piston ventilator with pulmonary function capability (FlexiVent, Scireq) to determine lung compliance.
Statistical analysis. Student's t-test or one-way ANOVA was used to analyze the results from two or more different groups of treatment conditions and calculated values of P Ͻ 0.05 were taken as statistically significant.
RESULTS

uPA, p53, and PAI-1 expression in DAD lung tissues.
Microscopic examination of antibody-treated lung sections showed increased p53 and PAI-1 and reduced uPA staining of alveolar and airway epithelial cells in DAD tissues. However, no significant staining for p53 or PAI-1 antigen was observed in histologically normal lung tissues, whereas we found robust uPA staining in these cells. TUNEL staining also showed increased alveolar and airway epithelial cell apoptosis in DAD sections (Fig. 1) .
CSP reverses BLM-induced expression of ATII cell uPA, uPAR, PAI-1, and p53. On the basis of the findings in DAD lung tissues, we speculated that interfering with p53-mediated changes in the expression of uPA, uPAR, and PAI-1 could inhibit ATII cell apoptosis in BLM-induced ALI. Activation of ␤ 1 -integrin with anti-␤ 1 -integrin antibody ligation or treatment with uPA inhibits p53 expression by lung epithelial (LE) cells (50) suggesting that activation of ␤ 1 -integrin enhances LE cell viability. Caveolin-1 also binds to Src kinase via the scaffolding domain (31, 65) and recruits active Src kinase to ␤ 1 -integrin-uPAR complexes. Caveolin-1 expression and Src kinase activities are increased during injury, and CSP inhibits caveolin-1 interaction with Src kinase (32) . Therefore, BLMexposed ATII cells treated with anti-␤ 1 -integrin antibody, uPA, or CSP were tested for uPA, uPAR, p53, and PAI-1 expression. As shown in Fig. 2A , CSP alone or anti-␤ 1 -integrin antibodyϩ uPA combined induced uPA and uPAR whereas both treatments reciprocally suppressed p53 and PAI-1. However, con- A: mouse ATII cells were treated for 28 h at 37°C with PBS or 40 g/ml of BLM in the presence or absence of either full-length uPA or the aminoterminal fragment (ATF) of uPA (each 20 nM), 1 g/ml each of anti-␤1-integrin monoclonal antibody (BI) or mouse IgG (mIgG), BIϩuPA, mIgGϩuPA, CSP (10 nM), and control peptide (CP; 10 nM) at 37°C. The membrane proteins were immunoblotted with anti-uPAR antibody. In the case of uPA and PAI-1, the full-length uPA stimulus was substituted with ATF. The conditioned media were analyzed for uPA and PAI-1 while cell lysates were analyzed for p53 and ␤-actin by Western blotting. Experiments were repeated at least twice and representative results are illustrated. B: inhibition of BLM-induced apoptosis of ATII cells by anti-␤1-integrin antibody and uPA or CSP. Mouse ATII cells treated as described above (A) were detached from the culture plates by using trypsin-EDTA solution. These cells were stained with anti-annexin-V antibodypropidium iodide (PI) solution and analyzed for apoptosis by flow cytometry. The percentage of apoptotic cells is presented as bars representing mean Ϯ SD of 4 replications. Differences between treatments are statistically significant (**P Ͻ 0.001) or not statistically significant (NS) as confirmed by Student's t-test or 1-way ANOVA. C: CSP inhibits BLM-induced Src activation. Lysates of ATII cells treated with PBS or BLM with or without CSP or CP for 24 h were tested for tyrosine (Y418) phosphorylation and inhibitory tyrosine (Y527) phosphorylation by Western blotting using phosphospecific antibodies. The same membrane was then stripped and tested for total Src (Src-2) kinase and ␤-actin expression. Doublets found in bottom panels of A and C are due to the recognition of both ␤-and ␥-actins by anti-␤-actin antibody.
trol cells treated with either isotypic antibody or CP failed to alter BLM-induced changes in p53 or components of the fibrinolytic system. Flow cytometry analyses (Fig. 2B) showed that treatment of ATII cells with anti-␤ 1 -integrin antibody plus uPA or CSP alone significantly (P Ͻ 0.001) blocked BLM-induced apoptosis. The response to CSP alone was as potent as that to anti-␤ 1 -integrin antibody and uPA combined. We also found that BLM inhibits ␤ 1 -integrin activation and that the effect was reversed by CSP (data not shown), suggesting an intricate link between p53-mediated changes in the fibrinolytic system, activation of ␤ 1 -integrin, and viability of ATII cells. We next tested whether CSP alters Src kinase activity. Phosphorylation of a conserved Y418 in the activation of loop by Src kinase itself (3, 9) or other kinases (8, 19) enhances its activity. In contrast, phosphorylation of a conserved Y529 in the COOHterminal tail by tyrosine kinase Csk or its family member Chk causes intramolecular binding of SH2 domain to the phosphorylated COOH terminus. This leads to binding of the SH3 domain to the linker between the SH2 and the catalytic domains, causing formation of an inactive conformation of Src (12, 40, 57, 67) . We found that BLM induces Src kinase activation through phosphorylation of the Y418 residue, which was inhibited after CSP treatment through inhibitory (Y527) phosphorylation (Fig. 2C) .
Since CSP is a 20-amino acid peptide with no enzymatic activity or globular conformation, we extended the in vitro observations and elucidated the effect of CSP on ALI/PF using mice with BLM-induced ALI/PF. Examination of TUNELstained lung sections at 7 (Fig. 3A) and 21 days (Fig. 3B) after BLM revealed ATII apoptosis. Treatment of CSP by intranasal or microosmotic pump administration after BLM injury blocked ATII cell apoptosis Ͼ95% whereas CP failed to protect ATII cells. Lung homogenates tested 7 days after BLM injury demonstrated increased p53 and PAI-1 expression and reciprocal suppression of uPA and uPAR (Fig. 3C) . However, CSP reversed this process, whereas the control peptide had no effect. Fig. 3 . CSP inhibits BLM-induced ATII cell apoptosis and alters uPA, uPAR, p53, and PAI-1 in mouse lungs. Mice exposed to BLM were then treated with CSP (18.75 mg/kg body wt) or CP by intranasal instillation on days 2, 4, and 6 after BLM treatment. Lung sections of mice euthanized 7 (A) and 21 (B) days after BLM injury were analyzed for apoptosis by TUNEL staining. TUNEL-stained sections (magnification ϫ200) are representative of 9 fields/mouse from each of 3 mice. C: bronchoalveolar lavage (BAL) fluids (b) and lung homogenates (h) of mice at 1 wk after BLM injury as described in A were analyzed for uPA, p53, PAI-1, and ␤-actin proteins by Western blotting. Membrane proteins were immunoblotted for uPAR expression by using mouse-specific antibodies. Results are representative of at least 3 independent repetitions. TUNEL-stained lung sections showed massive consolidation and interstitial thickening (Fig. 3B ) 21 days after BLM injury consistent with the development of fibrosis besides ATII cell apoptosis. Massive collagen deposits were seen as illustrated by the blue stain with Masson's trichrome staining of BLM-injured lungs (Fig. 4A) . Treatment of mice with CSP suppressed collagen deposition. Although the histological responses were remarkably consistent, we analyzed lung homogenates for hydroxyproline as a quantitative, independent measure of changes in PF. Consistent with the findings of trichrome staining, BLM significantly increased the amount of hydroxyproline in the lungs. Treatment of mice with CSP but not CP significantly reduced BLM-induced hydroxyproline levels (Fig. 4B) .
To test the ability of CSP to reverse established ALI and PF, we treated mice with BLM by intranasal instillation to induce fibrosis. Seven and 14 days later, we inserted microosmotic pump containing CSP or CP. The animals were euthanized on day 21 and lung homogenates were analyzed for hydroxyproline. As shown in Fig. 4B , treatment with CSP on day 7 or 14 after exposure to BLM significantly suppressed collagen deposition compared with mice exposed to BLM or BLMϩCP. Morphometry also confirmed remarkable protection against BLM-induced ALI and PF in CSP-treated mice compared with those of BLM alone or BLMϩCP controls (data not shown). We found that intranasal instillation of BLM caused inflammation of the nares. Intranasal administration CSP to these mice 24 h after BLM injury proved cumbersome and resulted in 20 -30% mortality. To avoid higher mortality associated with intranasal CSP administration after BLM, we switched to microosmotic pump to release CSP continuously to the systemic circulation and found better protection. Having achieved protection using microosmotic pump, we finally refined our mode of CSP administration by using IP injections since the latter approach is less invasive. Similar protection was achieved when the CSP was given thrice by IP injection. Lung function testing confirmed a significant compromise in lung compliance 21 days after injury in WT mice exposed to BLM or BLMϩCP, whereas mice exposed to saline (BLM vehicle) alone or CSP after BLM had no change in lung compliance Fig. 4 . CSP prevents BLM-induced collagen deposition in mouse lungs. A: lung sections of mice euthanized on day 21 after exposure to BLM as described in Fig. 3 were subjected to trichrome staining. Stain indicates the collagen deposition. Figure (magnification ϫ200) is representative of 9 fields/mouse; n ϭ 3 mice. B: inhibition of lung fibrosis by treatment with CSP in mice. Mice exposed to BLM were implanted with a 0.1-ml microosmotic pump filled with 125 mg/kg body wt of CSP (BLMϩCSP) or CP (BLMϩCP) on 2 or 7 or 14 days after initiation of injury. The lung homogenates from mice euthanized 21 days after BLM injury were analyzed for hydroxyproline content. Bars represent mean Ϯ SD of at least 3 repetitions (n ϭ 3 mice/group). Differences between treatments are statistically significant (**P Ͻ 0.05) or (***P Ͻ 0.01) as confirmed by Student's t-test or 1-way ANOVA. C: CSP restores lung functions after BLM injury. BLM-treated mice were intraperitoneally (IP) injected with or without 125 mg/kg body wt of CSP or CP on days 2, 4, and 6 after initial injury. These mice were tested for changes in lung compliance (i) and resistance (ii) to assess respiratory function 21 days after BLM injury as described in MATERIALS AND METHODS. Bars represent means Ϯ SD of at least 2 repetitions (n ϭ 3 mice/group). Significant differences (***P Ͻ 0.005 and *P Ͻ 0.05) in lung compliance or resistance between different experimental groups were confirmed by Student's t-test or 1-way ANOVA. (Fig. 4Ci) . By contrast, lung resistance was significantly increased in WT mice after BLM injury compared with uninjured mice exposed to intranasal saline. However, lungs of mice treated with CSP after BLM injury showed minimal change in resistance compared those exposed to BLM alone or BLMϩCP (Fig. 4Cii ) compatible with protection against airway and lung injury.
Microscopic examination of lung sections of mice IP injected with biotin-labeled CSP revealed that the peptide was predominantly distributed in the alveolar and airway epithelium of the BLM-injured lungs compared with uninjured epithelium of the saline-treated lungs (data not shown). This indicates that the lung injury facilitates CSP adsorption, which was independently confirmed by increased (34% vs. 2.6% of total isotope originally found in the lungs) uptake of 125 Ilabeled CSP by the isolated ATII cells from BLM-injured mice compared with uninjured mice.
We next isolated ATII cells from mice exposed to BLM for 0 -5 days and analyzed for changes in p53 and PAI-1 expression, and PARP degradation. PARP is a major enzyme involved in DNA repair and preservation of genomic integrity (41) . PARP is cleaved by activated caspase-3, leading to The same membrane was later stripped and analyzed for ␤-actin. B: mice exposed to saline or BLM for 24 h were given IP injection of CSP or CP. ATII cells extracted from the lungs of these mice 3 days after BLM injury were analyzed for uPA, uPAR, p53, PAI-1, Cl.PARP, and ␤-actin by Western blotting. C: total RNA extracted ATII cells from mice treated as described in B were tested for changes or uPA, uPAR, PAI-1, and ␤-actin mRNA by RT-PCR. D: ATII cells isolated from mice as described in B were treated with anti-annexin-V antibody-PI solution and subjected to flow cytometry. The percentage of apoptotic cells is presented as a bar graph representing mean Ϯ SD of 4 replications. Significant differences (***P Ͻ 0.001) between the groups were confirmed by Student's t-test or 1-way ANOVA. E: mice exposed to BLM were treated with or without CSP or CP 24 h after BLM injury. Lung sections from these mice euthanized 3 days after initial BLM injury and control mice were analyzed for apoptosis by TUNEL staining.
nuclease-mediated genomic DNA fragmentation and cellular apoptosis. As shown in Fig. 5A , BLM induced maximum ATII cell apoptosis as indicated by the presence of Cl.PARP on day 3, parallel with maximum p53 and PAI-1 induction, indicating that p53-induced changes in the fibrinolytic system contribute to ATII cell damage. We next tested ATII cells from mice treated with saline, BLM, BLMϩCSP, or BLMϩCP for 72 h for changes in uPA, uPAR, p53, PAI-1, and PARP degradation. As shown in Fig. 5B , BLM induced p53 and PAI-1 with a concurrent reduction in ATII cell uPA and uPAR expression. These changes were also associated with increased PARP degradation, demonstrating ATII cell damage. Treatment with CSP, however, reversed p53 and PAI-1 expression and increased both uPA and uPAR associated with reduced PARP degradation, indicating that CSP contributes to ATII cell survival. CSP also suppressed induction of PAI-1 mRNA caused by BLM injury and increased expression of uPA and uPAR mRNAs (Fig. 5C) . Protection against ATII cell apoptosis was independently confirmed by flow cytometry. Consistent with the PARP degradation, treatment with CSP significantly (P Ͻ 0.001) prevented BLM-induced ATII cell apoptosis (Fig. 5D ).
TUNEL staining (Fig. 5E) and IHC for Cl.casp-3 (data not shown) also confirmed the anti-apoptotic effect of CSP. Analysis of ATII cells from BLM-injured mice treated IP with 0 -125 mg/kg body wt of CSP for Cl.casp-3 demonstrated maximum protection against apoptosis with 1.5 mg/kg peptide (data not shown).
Analysis of lung sections (Fig. 6A ) and ATII cells (Fig. 6B ) isolated from the BLM-treated WT and p53-or PAI-1-deficient mice showed that both p53-and PAI-1-deficient mice resist BLM-induced ATII cell apoptosis, whereas WT mice showed increased apoptosis. Resistance to BLM-induced LE cell apoptosis in p53 or PAI-1 small interfering RNA (siRNA)-treated cells in vitro (55) and lack of ATII cell apoptosis by p53-and PAI-1-deficient mice after BLM injury (Fig. 6) suggest that induction of p53 and PAI-1 is directly linked. These observations are supported by the inhibition of both BLM-induced p53 and PAI-1 expression with parallel protection against ATII cell apoptosis after CSP in vivo or in vitro. In addition, p53 as a specific mRNA-binding protein inhibits uPA and uPAR and induces PAI-1 in LE cells (46, 54, 55) . TUNEL staining and IHC for Fig. 6 . p53-and PAI-1-deficient mice resist ATII cell apoptosis. A: lung sections of wildtype (WT), p53-, and PAI-1-deficient mice euthanized 3 days after the exposure to saline or BLM were subjected to TUNEL staining. The stained sections (magnification ϫ200) are representative of 9 fields/mouse (n ϭ 3 mice). B: ATII cells isolated from WT and p53-and PAI-1-deficient mice 3 days after the exposure to saline or BLM were analyzed for active (Cl.) and total (T) caspase-3 (casp-3) by Western blotting to assess apoptosis.
Cl.casp-3 in lung sections of uPA-deficient mice treated with CSP after BLM demonstrated lack of protection against ATII cell apoptosis (Fig. 7A) . Furthermore, immunoblotting for Cl.casp-3, PAI-1, and p53 using ATII cell lysates of uPA-deficient mice exposed to saline, BLM, BLMϩCSP, or BLMϩCP confirmed that BLM induced p53 and PAI-1 and apoptosis in those cells (Fig. 7B) . These observations demonstrate that lung protection by CSP requires inhibition of p53 and PAI-1 and increased uPA expression.
To determine whether uPA expression is crucial to suppress evolving PF, we next treated uPA-deficient mice with CSP or CP 7 and 14 days after BLM injury and analyzed the lung sections (Fig. 7C) as well as homogenates (Fig. 7D ) for fibrosis and hydroxyproline content, respectively, on day 21 post- Fig. 7 . uPA is involved in CSP-mediated protection against BLM-induced apoptosis of ATII cells and prevention of PF. A: lung sections of uPA-deficient mice exposed to BLM with or without CSP or CP euthanized 3 days after BLM injury were tested for apoptosis by TUNEL staining and IHC using an antibody that detects Cl.caspase-3 (1:50 dilution). Mice exposed to saline were used as controls. Representative sections from 3 mice are shown at ϫ400 magnification. B: ATII cells isolated 72 h after BLM injury from uPA-deficient mice treated with saline, BLM, BLMϩCSP or BLMϩCP as described in A were analyzed for Cl./T. caspase-3, PAI-1, p53, and ␤-actin proteins by Western blotting. C: 7 or 14 days after BLM injury, uPA-deficient mice were IP injected with or without CSP or CP. Salinetreated mice were used as controls. Lung sections from these mice euthanized 21 days after BLM injury were subjected to trichrome staining. Sections representative of 9 fields/mouse (n ϭ 3 mice) are shown at ϫ200 magnification. D: lung homogenates from mice treated as described in C were analyzed for the changes in total hydroxyproline contents. Bars represent means Ϯ SD of at least 3 repetitions (n ϭ 3 mice/group). Significant differences between treatment and control groups were confirmed by Student's t-test or 1-way ANOVA. E: representative lung sections of WT and uPA-deficient mice exposed to BLM with or without CSP or CP euthanized 3 days after BLM injury (n ϭ 3 mice/group) were stained for the proliferation marker Ki-67 by using an anti-Ki-67 antibody (1:50 dilution). Mice exposed to saline were used as controls. Representative sections from 3 mice are shown at ϫ400 magnification.
BLM. We found that CSP failed to attenuate BLM-induced fibrosis in uPA-deficient mice. IHC analysis of lung sections showed increased nuclear staining (red) for Ki-67 antigen in WT mice treated with CSP compared with CSP-treated uPAdeficient mice (Fig. 7E) , indicating that uPA-mediated proliferation contributes to maintenance of the LE cell viability and alveolar epithelium apart from suppression of ATII cell apoptosis. As shown in Fig. 8, p53 expression is increased during lung injury, including that induced by BLM; p53 in turn binds uPA, uPAR, and PAI-1 mRNA 3=-untranslated region and inhibits uPA and uPAR while inducing PAI-1. Reversal of these changes by CSP treatment enhances viability of ATII cells and resistance to pulmonary fibrosis.
DISCUSSION
In normal as well as mildly injured lungs, ATII cells proliferate and differentiate into ATI cells as part of epithelial repair. Apoptosis is essential to clear the cells that are damaged beyond repair as they otherwise prolong inflammation and delay epithelial regeneration (13, 18) . In this study, we found that CSP inhibits ATII cell p53 and PAI-1 and reciprocally reverses suppression of uPA and uPAR caused by BLM. These changes in turn prevent ATII cell apoptosis, indicating that reversal of p53-mediated coordinate changes in the components of fibrinolytic system contribute to preservation of ATII cells in this model of ALI.
We found that, unlike WT mice, p53-deficient mice exposed to BLM by intranasal instillation resisted ATII cell apoptosis. This is in agreement with the earlier observation reported by Okudela and colleagues (42) . We suspect that the increased LE cell apoptosis of p53-deficient mice reported by Davis et al. (13) can be explained by the very high amount of BLM (50 U/kg body wt) used in that study compared with 2-20 U used in the present study or that reported by Kuwano et al. (27) or others (37) . In addition, the responses of p53 to DNA damage could also vary depending on tissue and cell specificity (62) . The evidence that p53-induced PAI-1 contributes to ATII cell apoptosis in vivo was further supported by resistance against BLM-induced ATII cell apoptosis in both p53-and PAI-1-deficient mice. Earlier reports showed that increased susceptibility to BLM-induced PF occurs in mice that overexpress PAI-1 whereas targeted deletion of PAI-1 gene is protective (20) . Our findings further demonstrate that reduced p53-PAI-1-mediated ATII cell apoptosis contributed to prevention of PF or actually reverses evolving PF after BLM injury. Interestingly, p53-null mice showed focal inflammation followed by PF whereas both PAI-1-and p53-deficient mice resist apoptosis. This inconsistency could be explained by increased inflammation in p53 Ϫ/Ϫ mice from accumulation of apoptotic cells due to less thrombospondin-induced phagocytosis (11) .
In this study, we used a peptide-based therapeutic approach to inhibit ATII cell apoptosis and reverse PF in mice with BLM-induced injury. Remarkable protection by CSP against ATII cell apoptosis was noted throughout the 3-to 21-day course of the lung injury. CSP administered in either a preventive or a treatment mode through nasal insufflations, microosmotic pump or IP injection all inhibited ATII cell apoptosis and PF. This approach is therefore promising as a potential avenue for clinical intervention.
Our findings also broaden our understanding of the role of uPA in the pathogenesis of ALI. We found that uPA-deficient mice showed maximum apoptosis after BLM injury. uPA interacts with uPAR to promote LE cell proliferation and migration (49) . In addition, inhibition of both uPA and uPAR expression by siRNA in neuroblastoma cells (16 -17, 60) or by uPA mRNA-specific antisense oligonucleotide in mammary carcinoma cells (33) promotes activation of caspase-3. uPA plays a critical role in preventing the development of PF through protection against ATII cell apoptosis in addition to maintaining alveolar proteolysis. This conclusion is buttressed by the inability of CSP to mitigate BLM-induced ATII cell apoptosis in uPA-deficient mice. Administration of CSP at 7 or 14 days post-BLM injury in uPA-deficient mice failed to inhibit PF, underscoring the critical role played by uPA. Inability of CSP to block ATII cell p53 or PAI-1 expression in uPA-deficient mice exposed to BLM indicates that inhibition of p53 and downstream PAI-1 expression by uPA is likewise crucial to the salutary effects of CSP.
The peptide-based approach is supported by the earlier observations of Tourkina et al. (64) that a chimeric CSP Fig. 8 . Regulation of LE cell viability through cross talk between p53 and components of fibrinolytic system. A: p53 is induced during acute lung injury then binds transcripts for uPA, uPAR, and PAI-1 and inhibits uPA and uPAR mRNA through destabilization of the transcripts (46, 54) . PAI-1 is induced through p53-mediated stabilization of PAI-1 mRNA (55); the end result is reciprocal suppression of uPA and uPAR and increased PAI-1 expression by LE cells. These conditions result in enhanced LE cell apoptosis. B: expression of p53 can be inhibited by activation of the ␤1-integrin-uPAR-EGFR complex through CSP, resulting in competitive inhibition of caveolin-1. The paucity of p53 in LE cells prevents p53 binding to uPA, uPAR, and PAI-1 mRNA, so uPA and uPAR transcripts remain stable whereas PAI-1 mRNA is destabilized. uPA and uPAR levels in LE cells are preserved and serve as survival signals whereas PAI-1 expression is inhibited.
peptide containing a Penetratin sequence suppressed LE cell apoptosis when administered prior to BLM injury. The present study independently extends this finding and demonstrates that CSP, which lacks a penetration sequence, confers effective protection against BLM-induced ALI and PF. In addition, we demonstrate the mechanistic link between p53 and the fibrinolytic system during ALI and PF (Fig. 8) . Our findings confirm that cross talk between p53 and the fibrinolytic system represents an appropriate target to protect against apoptosis of ATII cells. Reversal of the proapoptotic changes by CSP implicates the interaction of p53 with uPA, uPAR, and PAI-1 mRNA in the response.
ATII cell apoptosis continues during the progression of ALI and fibrotic repair. We found that CSP effectively blocks PF irrespective of whether it is administered early or late after BLM-induced injury and that reversal of PF involves protection against ATII cell apoptosis. CSP failed to inhibit BLM induced p53 expression and ATII cell apoptosis or induce Ki-67 (proliferation marker) in uPA-deficient mice, whereas WT mice showed increased staining for Ki-67 after CSP treatment. CSP also induces uPA expression in vitro and in vivo, activates ␤ 1 -integrins and inhibits of LE cell apoptosis (Fig. 2) . These observations collectively suggest that CSPinduced uPA contributes to ATII cell viability and lead to the contention that uPA-mediated proliferation is, at least in part, responsible for its protection. Alternatively, CSP could block both ATII cell apoptosis and inhibit epithelial myofibroblast transformation, which are possibilities to be investigated in future studies. Although the full scope of the response remains to be elucidated, the present study clearly shows that CSP represents an effective treatment that reverses the fibrotic outcome of BLM-induced ALI and that cross talk between p53 and components of the fibrinolytic system contributes to the response.
